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INTRODUCTION 

It has been known for some time that laminar flow and subsequent 
laminar separation have a marked effect on the performance of an airfoil. 
For this reason wind tunnel experiments have, as much as possible, care- 
fully avoided this phenomenon, This procedure has produced a very meager 
amount of airfoil data below a Reynolds number of 10°, The wind tunnel 
experimenter is, of course, justified in his choice since he thereby 
empioys the best capabilities of his test equipment. 

The ship model experimenters are not so fortunate, The laws of 
Similitude make avoidance of the low Reynolds number range almost impossible. 
This is particularly true with respect to the self propelled ship model 
test, which though often criticized, remains a singularly important tool 
in the prediction of the performance of the full size ship. One of the 
key problems in this test is the performance of the propeller when operating 
behind the model, The laws of similitude dictate its speed of advance, 
diameter and RPM, Therefore the propeller Reynolds number is fixed. 
However, the performance of the propeller is often predicted by tests con- 
ducted at much higher Reynolds numbers. This fact becomes important when 
we remember that the model propeller is used as an instrument to measure 
the effects of the model hull on flow in the region of the propeller, 

Since most of the self propelled model tests to date have been run on 
models of about 20 foot length, the following table wiil give some 


average values for representative ship types. 





Ship Type 
Battleship 
Cruiser 
Carrier 
Destroyer 
Submarine 


Series 60 (C=. 60) 


Reynolds Number at 0.7 Radius* 
1.17 X 10° 
lea2sex ae” 
£905 X 10° 
Terk yout 
2915 X 10° 


.249 X 10° 


*This represents a good average value over the propeller, 


Furthermore, for a given propeller there is a variation in Reynolds 


number from root to tip for a constant RPM and model speed, As an example 


of this variation, values were calculated over the blade of the Troost 


propeller used in the Series 60 tests. 


(Ref. 17) These data also apply 


to a 20 foot model operating at design speed with the propeller operating 


at design RPM, 


Series 60 Troost Propeller 


Location of Section 
0.2 Rad, 
0.4 Rad. 
0.6 Rad. 
0.7 Rad. 
0.8 Rad. 


0.9 Rad, 


Reynolds Number 
.913 X 10° 
1.560 X 105 
2.25 X 109 
2.49 X 109 
2.57 X 10° 


2.30 X 10° 








In the past few years attempts have been made to conduct tests on 
self propelled models of the order of 10 feet or less in length. Tests 
at Stevens Institute on the "San FPrancisco"™ show propeller Reynolds numbers 
as low as 5.6 X 10%, (Ref, 18) 

There are a variety of opinions as to the point at which laminar 
separation becomes a serious problem, Some expert opinions indicate a 
value of about 3.5 X 10> for model propellers, Experimental data for 
airfoil shapes however, indicate that it occurs as high as a value of 10, 
Sinee separation is as much a function of the geometry of the bodies as 
the Reynolds number, it seems unlikely that it can be fixed exactly. If 
we accept 10° as a possibility, then a glance at the table of model pro- 
peller Reynolds numbers will reveal that all of these propellers might 
be affected to some degree by laminar separation. 

Since the airfoil and propeller are so closely linked in concept and 
performance, it seemed that the first logical step toward finding the effects 
of laminar separation on propeller performance would be to study its effect 
on airfoil performance. Moreover, simce this problem is more closely 
associated with the hydrodynamics of ship models, it seemed proper to 
move one step closer to the problem by testing hydrofoils. 

The desired Reynolds number range imposes two requirements on the 
test hydrofoil. First it must be small and second it must operate at low 
speeds. Both of these requirements lead to small forces, and consequently 
a special test instrument is needed, This instrument, the Two Component 
Balance, was designed and built at Webb Institute to fulfill thesis 
requirements for a M.S. degree. The following test series i3 the first 


to utilize this balance, 





The applications of these tests are not restricted to the model pro- 
peller field, Ship models have many appendages, all of which are to some 
degree subject to low Reynolds number effects, Examples would be rudders, 
bilge keels, shaft strut arms, stabilizing fins, anti-pitch fins, and sub- 
marine control planes, For example, the rudder of a 20 foot model in a 
turning test might well operate at a Reynolds number of 2 X 10°. 

The Reynolds number range covered in this test series is .8 X 10° 
to 2.69 X 109, It was hoped this range could be extended up to about 106, 
however, certain physical limitations made this impossible. It is interesting 
to note that the test range fully covers the Series 60 propeller. The 
large variations in foil performance over the Reynolds number range tested 
indicates that the problem of laminar separation is important and not one 


on mere academic interest, 








GENERAL SYMBOLS 


io Mass Density (ib-sec*/ft*) 


2 
7 Kinematic viscosity (ft /sec) 


Cds ,w 


D 


oY 


Axa 


AX, 


HYDRODYNAMIC SYMBOLS 


Three dimensional measured lift coefficient. Cy’ = Lt /4psv" 

Three dimensional lift coefficient. C, = L/4osv. C, = Cy"# Cy, 
Two dimensional lift coefficient. 

Strut lift coefficient. Cy, = L./}0SV, Where S is based on 

the projected area of the foil when used to correct experimental 
data. 

Three dimensional measured drag coefficient. Cy‘ = D' /4osv~. 

Three dimensional drag coefficient. Cy = D/40SV". Cy = Cy’ ~ Case 
Two dimensional drag coefficient. 

Strut drag coefficient. Cy. = Dg/3pSV. Where S is based on the 
projected area of the foil when used to correct experimental data. 
For the strut alone S is the projected area of the strut. 

Strut wavemaking drag coefficient. Cas w= Ds, w/t PSV» 

Profile drag coefficient. Cy) (for strut) = Cy, - Cys w- 

Two dimensional angle of attack. 

Geometric angle of attack. os of t Aas 

Measured geometric angle of at Packs 

Change in geometric angle of attack due to deflection of strut 
produced by the drag force. 

Change in measured geometric angle of attack due to strut deflection 


produced by the lift force. 
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vale ge 


Total change in measured geometric angle of attack due to strut 
deflection. Ay =AVv+ AX, 

Measured foil drag (1b) 

Foil drag (ib). 

Measured foil lift (1b), 

Foil lift (1b). 

Strut drag (1b). 

Sermit tat t, (1b). 

Free stream velocity, ft/sec. Also equal to the carriage speed. 
Projected area Uy 

Chord (in) 

Semi ~ span (in) 

Aspect ratio. A = CO ae A = 2s/c for a rectangular foil. 
Depth of foil (in). 

Thickness (in) 


Reynolds number. NE Ves. In this formula c is in ft. 





XK. APPARATUS AND TEST PROCEDURE 

The test series was conducted in the Webb Towing Tank over the periods 
of 4 Cetober 1957 to 12 December 1957 and 24 March 1958 to 6 May 1958, 
The test instrument was a special two component balance designed and built 
at vebb Institute for this purpose, Por a complete description of the 
balance see reference 15 and Appendix II of this paper. 

The tests were made on two similar, rectangular, aspect ratio 6 hydro- 
foils manufactured by the David Taylor Model Basin, The foils were machined 
from aluminum and polished to a smooth surface, The airfoil section used 


was the NACA 64-409 series. The foils had the following basic dimensions, 


Large Poil Small Foil 
2s\,=- 30 in. 2s = 18 in, 
Gee 5 in, Cu =.3 in, 
S = 150 sq. in. S = 54 sq. in. 


The two foils are hereafter identified as "Large foil" and "Small foil". 
For the table of offsets of the section see Appendix I, 

The supporting strut has an ogival section with a chord of 13 inches 
and a thickness of 0.401 inches, The strut was raked at an angle of 
16.167 degrees from a perpendicular to the nose-tail line of the foil. 
See Appendix I for a more detailed description of the strut and foil 
assembly. 

The foils were tested over a speed range of 2 - 7 ft./sec. and an 
angle of attack range from +4 degrees to -2,5 degrees, Two factors limited 
the maximum testing speeds. The first was the physical strength of the 
balance, To prevent possible structural damage total lift forces were 


limited to 10 pounds. The second limitation was the strut spray roach 





which impinged on the balance at high speeds and thus produced inaccurate 
drag measurements. As a result of these limitations the Reynolds number 
range covered was 0.8 X 10° to 2.7 X 10°. This range includes both foils. 
Since the Webb Towing Tank has an automatic water heating system all 
tests were conducted at the same water temperature of 80 degrees F, For 
this temperature the following values were used in all calculations, 
= 1.9336 1b-sec7/Ft* 
F- = 0.9296 X 107° ft. /sec 
A more detailed listing of the accuracies of the balance can be found 


in Appendix I1I, Average values are: 


Lift + 0057 

Drag + ,0057 
Angle of Attack + 0.10 degrees 
Depth of Foil *0O.10 inches 


During testing at low speed, (2 ft/sec or less) drag forces of the order 
of magnitude of 0.05 pounds were measured. Since the accuracy of the balance 
is only 10% of this value, the authors feel that data taken at these low 
speeds are questionable, 

No attempt was made to stimulate turbulence during any of the tests. 
The problem of stimulating turbulent flow on airfoils operating at low 
Reynolds numbers presents a very interesting basis for future investigations. 


Reference 16 presents some valuable investigations in the field. 





II PRELIMINARY INVESTIGATIONS 

Before the hydrofoils themselves could be tested, it was apparent 
thet corrections for the effects of the supporting strut would have to 
be evaluated. Once the strut corrections were determined, they were used 
to correct the hydrofoil data to obtain foil characteristics divorced from 
strut influences. The corrections that were considered are: 

1. The angular deflections of the support strut caused by 

hydrofoil lift and drag forces. 

2e The strut lift and drag forces. 

3. The strut interference with the flow around the hydrofoil. 

4, The effect of the air resistance of the balence on drag 

readings. 

1. Strut Deflection. 

The enguler deflections of the strut due to the hydrofoil lift and 
drag forces were measured in terms of angle of attack. Lift end drag 
forces were simlated by weights suspended at the foil position on the 
strut, with the strut support bracket clamped rigidly in a shop vice. 
Figure 1 is a presentation of the variation in angle of attack due to 
strut support deflections caused by hydrofoil lift and dreg forces. The 
magnitude of this correction can be as large as one-half degree for com- 


binetions of lift and dreg forces within the range tested. 


ee Strut Lift and Dreg 
Strut lift and drag were determined by a series of tests varying speed 


from 2 to 7 feet per second and varying strut rake between values corre- 
sponding to foil angles of attack from =2.5° to #4.0°. See figures 2, 3, 
4 and 5 for photographs of the strut tests. The strut lift data is plotted 
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Figure 2 
Strut only: <= 0°, 
Depth = 13.65", 


ys 2'/sec. 





Figure 3 
Strut only: 2 = 0°, 
Depth = 13.65", 
V = 6'/sec. 








Figure 4 
Strut only: = 40, 
Depth = 135.65", 
V =4'/sec. 





Figure 5 
Strut only: = ho, 
Depth = 13.65", 
V = 2'/sec. 
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2.8 L./V* versus V in figure 6. The strut drag data is plotted as D/v- 
versus V in figure 7. 
The quentities L./V" and D,/Vv- were converted to strut lift and drag 


corrections by the mitiplication factor 5S: 


58 = 1.006 for the large foil. 
58 = 0.362 for the small foil. 


See the sample calculations in Appendix I for on example of the use of 

these corrections. It should be noted that the strut lift correction re- 
presents 2 negative lift force. Since the strut wes oriented with a forward 
rake over the entire range of angle of attack, the vertical component of 


the hydrodynamic force on the strut was directed down. 


Sameanverference Effects 
Tests were conducted and reported in reference 5 on a strut in the 
presence of a 0.25 aspect ratio lifting surface. It was found thet: 
ae Interference of the strut on the drag of 
the lifting surface was negligible at all 
depths. 
be. Interference on lift end pitching moment 
is negligible excevt at very shallow depths. 
Since these tests were oll conducted at deep submergence compared to the 
chord, no correction was considered necessery for strut interference 


effects. 


4. Air Resistance. 

A series of runs was made to evaluate the effect of the balance air 
resistance on the drag measurements. The maximum value of nir drag divided 
by the square of the velocity was approximetely 3% of the comparable para- 
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meter for the strut. For example, at the speed of 7 feet per second: 





Eauivalent Drag Dreg / ve 
Air droeg of balance 0.0234! 0047x1072 
Strut drag 0.813# 16.3x107) 
Therefore, at 7'/scce: 
Air drag coefficient 047 
% Air Drag = —————————— x100 = x100 = 2.9% 3% 


Strut drog coefficient io.> 
Since the air drape of the balance was negligible compared to either 
strut or foil drag, no attempt wes made to correct for air drag in this 
investigation. It should be noted, however, that since balance air drag 
is included in the strut drag dato, the strut correction to the hydrofoil 


drag data automatically corrects for air drag. 


Optimum Depth 

While it may prove interesting to vary depth in future investigations, 
depth was held constant for the major portion of these tests. In order to 
determine cn optimum depth for testing, however, a series of runs was con- 
ducted at constant speed and a constant angle of attack of approximtely 
+4,5°. These data are plotted in figure 8 as Cy' versus Depth. Since 
these particular deta were obtained before belance modifications were com- 
Dlete snd before an accurate testing procedure was developed, the deta are 
only ocualitetive. The large foil maintained a constant Cy,' over a range 
of depths grecter then two chords, but the CL' of the small foil varied 
over the entire range of depths. Since the variation of Cy,‘ with depth 
decreesed as the depth increased, a towing depth of 13 inches, meesured 
to the mid-chord point, was selected. (See Figure &) This was the 


deepest depth precticable without alterntions to the balance. 
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Pile EXPERIMENTAL] RESULTS 

As final data was plotted, it became more and more apparent that the 
hydrofoils were not conforming to conventional standards, Por this reason, 
it was decided to first present the experimental data without embellishments 
and discuss its import and ramifications in more detail later, 

Figures 9 through 14 are presented to illustrate the rough data as 
taken in the Model Tank, These figures are intended to be representative 
of the magnitude of experimental scatter in original data. In general, the 
small scatter obtained could be directly traced to the accuracy limits of 
the instrument, The form used to record and compute original data can be 
found in Appendix I. It is important to note that the faired rough data 
formed the basis for computation of all final results. 

Of particular interest are Figures 13 and 14, In these tests the 
effect of Reynolds number on the lifting characteristics of the foils was 
graphically demonstrated, The lift coefficient for a set angle of attack 
(X= -2°) changed from positive to negative as the speed was lowered from 
7 ft./sec. to 2 ft./sec, 

To present the data in final form the rough data was corrected for 
strut lift and drag and strut deflections, A detailed example of these 
computations can be found in Appenddx I. Final data plotted in standard 
form are found in Figures 15 through 20. A glance at these curves will 
reveal that Reynolds number effects have produced a radical departure from 
more conventional airfoil behavior, A more complete discussion of these 
departures will be made later. 

Figures 21 through 26 are presented as examples of actual test runs, 


Figure 26 should give the reader a clearer picture of how the spray roach 
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from the strut can be a problem at high speeds. As speed increases, the 
spray height increases until it eventually strikes the flat plate supporting 
the strut. The authors noted Changes in the tank wave pattern as produced 
by the strut and foil, as opposed to the strut alone, These visual ob- 
servations, therefore, seemed to indicate that the hydrofoils were subject 


to some surface wavemaking effects, 
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Figure 21 
Large Foil: X = 4°, 
Depth = 13", 


Ve 4°/sec, 





Pigure 22 
Large Foil: %= 4°, 
Depth = 13", 


Ve 4'/sec, 














Figure 24 
Large Foil: Cn 4 oe 
Depth = 13", 


Ve 2'/sec, 
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Figure 23 
Large Foil: Xs 4° 
Depth = 13", 


Vz 2'/sec, 


Se —e a ——— 
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Pigure 25 
Large Foil: X= 0°, 
Depth = 13", 


Ve 2'/sec, 


Figure 26 
Large Foil: X= 0°, 
Depth = 13", 


V= 6'/sec, 








IV. DISCUSSION 

A, Strut Results 

Although the strut was not one of the primary test vehicles, its shape 
compares favorably with ship appendages such as shaft supporting struts, 
rudders, and support struts for hydrofoil boats, As a result the authors 
felt a detailed analysis was warranted. Since the strut pierced the sur- 
face, part of its total resistance was due to wavemaking. In order to 
compare the strut profile drag coefficient with both theory and other ex- 
perimental data it was necessary to obtain a value for wavemaking resistance, 
which could be deducted from total resistance, 

In reference (5) strut wavemaking resistance was found by towing a 
strut at several depths. Total resistance was plotted vs depth at constant 
speed. These plots indicated a straight line relationship between these 
values. This line was extrapolated to zero depth and the value thus ob- 
tained minus a correction for tip drag was the strut wavemaking resistance, 
These experimental results compared very favorably with a theoretical curve 
proposed by Havelock (Ref, 10) at speeds below the critical wave speed of 


the tank. For the Webb tank the critical wave speed is 


Vz= /gh 
V= 32.2 X 5 = 12,79 ft./sec. 


All tests run were considerably below this speed, 

Havelock's method applies to a strut of infinite length projecting 
vertically into a fluid of infinite depth. The strut in question is of 
finite length and raked 16,167 degrees from the vertical when the foil is 
at zero angle of attack, Therefore it is obvious that the results of this 


analysis will be approximate at best. 
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To simplify calculations the strut section was approximated by a 


parabola. 


(0,4) 


g- 6 (1- FY) (Lo) 


1 = half length of section 


L = 21, where L in this case is the strut chordal length 


R 


b = half thickness of the section at the midpoint 
Appendix I shows that the strut is actually lens-shaped, however, the 
assumed parabola is a close approximation, 


Using the parabola in Havelock's equation we get the wavemaking drag 
q 


of the strut, 


pate os oe 2 z) 16/ 
(7) Lh ow r pO (HP = Seo ++) bag iy ee icool ef 


Dey = wavemaking drag in pounds 
g = acceleration due to gravity 
(= mass density of the fluid 
1 = half length of section in feet 
Y= Euler's constant = .57722 
p = gl/V- 
V = free stream velocity ft./sec. 
The independent variable, p, is the inverse square of Froude number, 
The strut angle selected for computation was 16.167 degrees which 
corresponds to a foil angle of attack of 0 degrees, Since the strut is 


raked, the actual chordal length becomes; 
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L = 1,.5/cos, 16.167 = 1.56 inches 


1 ~78 inches 


b & ,201 inches 


Using these values the wave drag coefficient of the strut, Cy » was com- 


S,W 
puted and plotted in Figure 27, The wave drag coefficient was then de- 
ducted from the measured drag coefficient to obtain the profile drag co- 
efficient, Caps It can be seen that wave drag is a relatively small value 
compared with profile drag. 

Reference 3 states that at Reynolds numbers below the value of 1 X 10° 
the flow phenomenon of laminar separation begins to take place. Laminar 
separation is in turn accompanied by a sharp rise in drag coefficient, 


particularly for relatively blunt shapes, Hoerner’s equation for drag due 


to laminar separation is 


(2) oa Bee oy 

Cap = profile drag coefficient 

Ce = Blasius laminar skin friction 
t/c = thickness ratio 


Reference 3 also indicates a correction should be made to account for the 
tip in the three dimensional case, For this strut the correction is negative 
and @€qual to -0,0003. The theoretical equation then becomes 
(3) Cap = 2Cg + (t/c)? = 0.0003 

This equation and some experimental data from reference 3 are plotted 
along with strut data in Figure 28. The strut data shows ceasonsbly comm 
correlation with both experimental data and theory. Discrepancies are no 
doubt due to errors in theoretical wave drag as well as the tip drag of the 


Strut. The plots do, however, verify the fact that there is a major increase 
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in profile drag due to laminar separation, On the same plot is included 
some unpublished data for the strut towed in Reference 6, It can be seen 
that at the higher Reynolds numbers this strut is producing drag co- 
efficients below the turbulent friction line, however, as it reaches the 
transition range there is a sharp rise in drag coefficient. It is also 
important to note the fact that the rise in drag coefficient starts at a 
Reynolds number of about AOe. Although there is no data to corroborate 
this fact, it seems justifiable to assume the NACA strut drag would con- 
tinue to rise until it reaches a value comparable to the test strut of 
this investigation, 

The salient point of this investigation is the fact that there is a 
major increase in drag coefficient once laminar separation begins. As 
Figure 28 shows the drag coefficient of the strut is almost 7.5 times the 
coefficient of friction for turbulent flow at Re = 10°. This indicates 
extreme care must be taken in expanding the measured resistance of 


appendages on ship models to the full size ship. 
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B. METHODS TO PREDICT LIFT AND DRAG 


The experimental hydrofoil dota of this report takes on more mecning 
when presented against a beckground of previous data end theory. A survey of a- 
vailable litercture showed that NACA dete ond theory could be utilized most 
readily for this purpose. These data and theory esteblich a point of de- 
parture from which to discuss the results of the low Reynolds number tests. 
The easiest method of correcting the two dimensions] wind tunnel deta to 
three dimensionol flow, was to neglect towing tani boundery effects and apply 
the clessical method of references 1 and 2. This method is discussed first, 
and is used to calculate both lift and drag coefficients based on airfoil 
deta. The second method presented is ean extension of the classical method, 
which employs airfoil deta again, but also includes corrections for tank 
bounderies, water surface end wave drag. This modified classical method is 
based on the subcritical theory of reference 7. It is used to correct the 
drag coefficient for boundery effects and wave dreg. It is not used to make 
any corrections to the lift coefficient. Thirdly, a fairly rigorous theoreti- 
col method is presented to predict the lift coefficient. This method, from 
reference 11, can be used without previous deta of eny kind, but better re- 
sults were obtained in this cease, after an experimentel angle of zero lift 


was substituted for the theoretical engle of zero lift. 


1. The Classical Method. 

Reference 4 is the source of date for the NACA 64-09 airfoil section. 
The d-ta covers a range well above the range of this report. (Re = 0.7x10° 
to Re = 9.0x10°.) The comprrison of the NACA eirfoil deta to the hydrofoil 
data obtained in the present tests emphasizes Reynolds number effects. 


Therefore, the nirfoil dete wes converted from two dimensional to three 
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dimensional coefficients, applicable to the hydrofoils. This was naccon- 
plished by the classical method given in references 1 and 2. The classical 
method corrects for aspect retio by adding induced drag to section drag end 
induced engle of attack to the section engle of attack. Thus, the following 
formileac from references 1 and 2 were used to correct airfoil deta for 
finite aspect ratio ct Re = 0.7x10° and Re * 9.0x10°. 

(4) og = ed +22" (1 5 y 

Th 


(5) M=a+ ab (1 +7) 


In which: Og is the three dimensione] drag coefficient. 
¢q is the two dimensional section drag coefficient. 
cy is the two dimensional section lift cocfficient. 
O is the three dimensional angle of attack. 
&,is the two dimensional section angle of attack. 
A is the aspect ratio. (6) 
& is the plen form correction factor to drag coefficient. 
7 is the plan form correction factor to angle of attack. 
For A ® 6, &= 0.045 ond T= 0.165 (Ref. 2) 
The curves which are the solutions to equations (4) and (5) cre compared to 
the hydrofoil experimental deta in figures 33, 34, 36 ond 37. 

This comperison is not rigorous since no consideration is given to 
the effects of the free water surface or of the tank boundaries. The 
boundery effects are small, however, as will be shown in the theoretical 
metnod to follow, so this comparison is valunble to denonstrate the trend 
of the lift coefficient to deorease and the drac coefficient to increase 


as Reynolds mmbecr is reduced. 


19 





2. A Refinement to the Classical Method. 

Since the classical method of predicting hydrofoil lift ond drag did 
not include boundary effects or wave drag, the predictions by this method 
were of doubtful value. The classical method is normelly used to predict 
nerodynemic forces on finite wings in an infinite medium of air. If the 
method is used in this manner, boundary effects sre not o problem. Hy- 
drofoils, however, are usually subject to boundary effects. In these 
tests the hydrofoils were submerged beneecth a free water surface in o 
towing tenk of finite dimensions. Thereforc, predictions by the classical 
method could very well be inaccurate, if boundery effects and wave drag ere 
ignored. A prediction problem of some kind exists, as may be seen by com- 
pearing the predictions based on airfoil date to the experimental data in 
figures 33, 34, 36 end 37. The experimental drag is noticeably higher than 
the predicted dreg. Tnis discrepancy could have been caused by boundary 
effects or by the wave drag or by both. 

For this reason, the boundary effects and wave drag were evaluated 
theoretically using the methods of reference 7. This theory adds tio addi- 
tional terms to the expression for induced dreg, one for boundary effects 
end the other for Froude number wave drag. These two additional terms 
should be evident by compnring eauation (4) with eountion (21) of reference 
7, herein designeted ecuction (6). 

(6) 0g wane? ee woe + 8) , ar 
Wrownich: Cq, Cds C1» § ond A have been defined previously. 
Vis hydrofoil speed in feet per second. 
@& is gravitational acceleretion. 
¢ is the hydrofoil chord in feet. 
W is the hydrofoil submergence perameter in this ecse,P=e V°/ef 


f is the hydrofoil depth in feet. 
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K1 is the correction fector for the induced drag due to the 
boundary imece trailing vortices. 
In selecting equation 21 from reference 7, subcritical theory was dictated, 
since 211 of the subject hydrofoil tests were conducted at speeds less than 
12.76'/sec, the critical wave speed of the Webb tenk. 

The term-Kic(_t 4 ) in equation (21), reference 7, represents the 
contribution of the free water surfece to the induced dreg of the hydrofoil. 
A new value of Kj was derived for use in eaurtion (6), however, which in- 
cludes tank side and bottom effects es well as the weter surface effects. 
The seme type of derivetion was used to evaluate the new Kj as is presented 
in reference 7 for the corresponding quantity. 

The wave drag contribution to induced drag is represented by the 
term TAS We Reference 7 gives three expressions for, one for a 
two dimensionel hydrofoil in water of infinite depth, one for o two dimen- 
sionel hydrofoil in weter of finite depth and another for a three dimensional 
hydrofoil in weter of infinite depth. The authors of reference 7 found thet 
the expression = ,” V/gf, for a two dimensionel hydrofoil in water of in- 
finite depth, gave the best agreement with experimental date. This parti- 
culer expression for W is also the least compliceted of the three, and there- 
fore, was used by the authors to evaluate the wave drag term in equation 
(6). It enn be scen thet wave drag is ea function of hydrofoil deprth, chord 
Ora cpeed. in evaluating this quantity, thercfore, foil depth and chords 
for the test hydrofoils were used. The velocity valucs used were repre- 
sentative of low Reynolds number hydrofoil tests. The particulsr speeds 
selected correspond to Re = 1.5x10> end Re = 2.0x10>. 

Equation (6) was solved using the seme NACA airfoil section lift end 
drag coefficients cs were used to solve equation (4). (Ref 4, NACA 6/:-409 
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Sirfoil, et Re = 0.7x10°.) Since the identical cirfoil data were used to 
solve both equations (4) and (6), the difference between the two solutions 
represents a theoretical prediction of the portion of the total dreg thet 
is caused by wave drag and the presence of boundaries. Since the induced 
dreg is directly proportional to the souare of the lift coefficient, the 
increase in drag due to boundary effects and wave drag is greatest et large 
lift coefficients. At low lift coefficients, these effects are negligible. 
The discrepancy between drag coefficients predicted from airfoil data and 
the drag coefficients determined experimentally exists over the entire 
range of lift coefficients, however. Therefore, wave drag or boundcry 
effects must be ruled out as the major cause of this difference. laminar 
separation will be discussed later as a possible cause of these differences 
between theory and experiment. 

The reader should note that the boundary and weve drag corrections of 
equation (6) apply only to the drag coefficiont end do not effect the lift 
coefficient. Boundary effects on the lift coefficient will be considered 


in the theoretical method that follows. 


3. A More Rigorous Theoretical Method 
It was desirable to compare the experimentol lift at low Reynolds 
munber to the lift predicted by theory. This comparison demonstrates to 
what extent the circulation theory is trustworthy ct low Reynolds mumbers. 
The most attractive theoretical method was found in reference 11, 
by Wadlin and Christopher. This method wes particulerly applicable in 
this instance because (1) it wes independent of experimentel dete and (2) 
the theory could be modified to include tank boundary effects. Reference 


ll states that the lift coefficients calculated by this method are in good 
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agreement with existing cxperimental dato. The experimental deta to which 
Wadlin and Christopher refer was taken on large foils at speeds of 25 to 

50 feet per second and was carefully chosen to avoid low speeds, where some 
variation of lift coefficient with speed hes been indicated. This method 
represents a fairly reliable integration of the lifting characteristics 

of hydrofoils ct high Reynolds mumbers, and, therefore, is a good yard- 
stick to which low Reynolds number data mey be compared. 

The purpose of the Wadlin-Christopher method is to predict the lift of 
practical seaplane or small boat hydrofoil configuretions in open water. 
For this reason, the theory includes a correction for the effects of water 
surface, but no attention is given to the towing tank side or bottom effects. 
Therefore, cither the theory had to be modified to include tank boundery 
effects or the experimental hydrofoil date had to be corrected to open 
water conditions in order to properly compare theory and experiment. For 
this report, the theory was modified to include the effect of the proximity 
of the sides end bottom of the tank. Thus, the experimental data is left 
in its original form end the boundery corrections are cpplied entirely 
to the theory. 

From reference 11, the lift coefficient of submerged zero-dihedrel 


surfaces is calculated from the fol loving equation: 
“ A 
ney = BoKakzhXa Ks = Cle 10) Sin? Cosa 


A¢l]1 + “Bho 


In which: a, is the two dimensional lift curve slope (271). 
Ais the aspect ratio (6). 
Ko is the two dimensional depth correction factor. 
Kz is the three dimensionel depth correetion factor. 


O&azis the cbsolute angle of attack, measured from the engle of 
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zero lift (Cy =X, oto). 

&, 18 the angle of zero lift. 

OC is the geometric angle of attack. 
Since this formula includes only a correction for the water sruface boundary, 
the fectors Ko and Kz were modified to include the tank side and bottom 


effects ealso. 


Modification of Ko. 

The two dimensional correction factor Ko was determined in references 
7 and 11 by considering the effect, ot the three quarter chord of a submerged 
two dimensional lifting surface, of en image line vortex located a distance 
above the water surface eaual to the depth of submergence of the quarter- 
chord of the lifting surface. The vorticity of both the lifting surfece 
and its imnge sre loceted at their respective quarter-chords. In order to 
include the bottom effects in Ko, the effect of another image line vortex 
loceted a distance below the bottom equal to the height of the lifting 


surface above the bottom is considered at the auarter chord point of the 









lifting surface. 


Approach 
Velocity <— 


Vortex Filament 


Surface a of the Foil 
Image : 


Bottom 


aaa 


Figure 29 
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Using the methods of reference 7; 
a W] + Wo - Ww 
8 0,1 ~= Fe 5 


In which: wy] is the downweash at 3¢c/4 due to vortex filoment of the foil. 
Wo is the dowmwash at 3c/4 due to surface imege vortex. 
wz is the downwash at 3c/4 due to tank bottom image vortex. 
Q9,} is the lift curve slope in an infinite fluid. 
Bo,2 is the lift curve slope in an finite fluid. 
Applying the Law of Biot-Savart as outlined in reference /, the various con- 


tributions to downwash were evaluated and the following formula derived: 


. m 2 Ce(h 2 2 
(9) Koa Gost = ROLE ALO: 


In which: cis the foil chord. 

f is the foil depth below the weter surface. 

h is the foil height above the bottom. 
For the dimensions of the foils tested et a depth of 135.0" in the Webb 
Tonk: (Webb Tank dimensions: 5'x10' cross section.) 

Ko = 0.992 for the large foil (c=5") 


Ko = 0.997 for the small foil (c=3") 


Modification of Kz 

Since the method of reference 11 only corrects the lift curve slope 
for the water surface boundary, a new factor, K35 was developed to incor- 
porate tank side, tank bottom and weter surface effects in the three dimension- 
al correction. As stated in reference 7, en infinite array of imeges would 
be necessary to arrive at an exact correction, but for the purposes used 


here, the following system of images was considered sufficiently accurate. 
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Sign Convention 





Figure 30 


The image thet contributes the weter surface boundery condition is 
designated (a)end is positive. The imeges thet contribute the tank side 
boundery conditicns are designated (6) and ere positive. The image system 
that contributes tank bottom boundery conditions is designatcd (c) and is 
negetive. 


Using the same principles as were used to obtain Ko: 


(10) Kz PE oe ae ee 
[7 a, 1+ wy + 2wy - We 
U Wy, 


189) which: [7 is the circulntion of the foil horseshoe vortc: system in an 
itibanace f)1uiids 
[ois the Careculucton Of =ther colle HOrsesiocs VOreex SYStcm imea 
fluid with finite boundries. 
@j is the lift curve slope of the foil horseshoe vortex system in 
and antinite fluid. 
a5 is the lift curve slope of the foil horseshoe vortex system 
ina fluid with finite boundaries. 
w, is the dowmwash -t the three-quarter chord point duc to the 
water surface im-ge. 


Wp is the dovmwesh ot the three-cuarter chord point due to one 
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tank side image. 
We is the dowmwesh ct the three-cuerter chord point due to 
the tonk bottom image. 
w), is the dowmwesh ct the three-cuarter chord point due to 
the image system of the hydrofoil. 
The expressions for the above downwashes were derived by substituting 


proper values in the equations for doimwash due to horseshoe vortex systems 


in reference 1. results of these derivations are: 


(11) va = Te eee [(4t/c ree Yrtityejenn? rr 
ic Bi + Dy - 
(12) wp eatbe| 1¢(2u/c )<+2(217ce )ASac 7 14f2w/c )<-2(2u/c )Aeh 


a (On sf + ITEE | 7 Tayeyaa| ETE | 
(13) We ah Retina) 14(uh/c )<+a> * [ine yane]| 14 ieee j 


And from equetion (6) of reference 7: 
(Ih) wy = Ee bien? + 2| 
Substituting these expressicns in ecuation (10) and evaluotine for foil 
dimensions et 13" depth gives the three dimensionel lift curve slope 
corrections 
Kz = ©.9(17 for theelaree court, t = 15.08 
Kz = ©.9079 tor tic cma) ont ett = 15.0" 

Since the angle of attack, O(,, in eountion (7) is mersured from the 
meete of zero lift, the value of the angl@ of zero lift had to bo determined, 
meeemeorétical angle of zSéro lift was calculated by the method given in 
reference 12. Using this value in the ecuation for lift coefficient, howe 


ever, resulted in values of C} too high to be consistent with either the 
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airfoil dat of reference 4, or the experimental hydrofoil data. On the 
other hand, if the angle of zero lift as measured experimentally by the 
authors is used, the theoretical and experimental lift curves are in 
reesonable agreement. (Figs. 33 ond 34.) 

For the tabular solution of eouation (7) the variable wes the geometric 


angle of atteck, and the following velues were used as constants: 


Term Smell Foil Lerge Foil 
Ao ey Sa 277 
A x é 
Ko 0.997 0.992 
Kz 0.9879 0.9717 
OC (measured experimentally)  +2.45° ~2 40° 


A somple solution of equetion (7) is given in Apvendix I. 

The theoreticel method as modified neglects eny variations in boundary 
effects due to the geometric angle of atteck of the foil. These effects 
on Ky ere negligible at the depths of submergence of these tests, as shown 
in figure 2(e) of reference 11. Angle of attack mey have a sircnificent 
effect on Kz» but eny variation in Kz due to angle of atteck wes neglected 
here for the seke of simplicity. Since a reresonable agreement wes ootcined 
between theory and experiment, however, the assumption that the effect of 
engle of attrzck is negligible seems to heave been velid ct the small angles 
of attack used in the subject experiments. The use of an experimentel angle 
of zero lift with this theory seems to be justified elso, since reference 
12 warns that theoreticol angles of zero lift may be useful for design, but 
should be verified by experiment whenever possible. 

Of the foregoing methods to predict lift and drog, the classical method 


is the easiest to calculate, but neglects boundary effects. The modification 
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to the classical method includes the effect of the boundaries and wave drag 
on the drag coefficient. Both the classical method and its modification are 
dependent on wind tunnel deta. The Wadlin-Christopher method deals only 
with the lift coefficient and includes boundary effects. The combination 
of the three methods provides predictions of dreg coefficient based on 
airfoil data ond predictions of lift coefficient based both on airfoil 

deta and theory. The results of these predictions are plotted in figures 
33, 3+, 35 ond 37, where they can be comprred to the experimentnl hydrofoil 
data. The discussion of these conprrisons will be the subject of the next 


section. 
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C, Analysis of Experimental Results 


With both experimental wind tunnel data and theoretical hydrofoil 
data now available in proper form, a more detailed analysis of the test 
results can be made, In order to obtain coefficients for each foil at the 
same Reynolds number, Pigures 31 and 32 were plotted and faired, These 
figures point up one of the key results of the investigation, There are 
definite discrepancies in the lift and drag coefficients of both foils at 
the same Reynolds number, At the same angle of attack, the lift coefficients 
of the large foil are higher than those of the small foil, while the drag 
coefficients of the small foil are consistently higher than those of the 
large foil, These plots indicate that Reynolds numbers based solely on 
free stream velocity and chordal length do not completely define flow 
similarity in the laminar flow range. 

C,; vs X curves for both foils are plotted in Figures 33 and 34, In- 
cluded on these plots are wind tunnel data from reference 4, As previously 
explained, classical airfoil theory (Ref. 1) was used to convert from two 
dimensional to three dimensional flow, The Reynolds numbers selected 
“Org? X 10° and 9 X 10°) represent the extremes available for the NACA 64-409 
series, The theoretical lift curve as calculated for the test hydrofoils 
is also plotted for reference, 

These curves have several interesting features, Pirst, the lift curves 
of the small and large foils at equivalent Reynolds numbers do not coincide, 
Secondly, both foils show a depression in the lift curve in the region of 
A= OQ e this hollow becomes more pronounced at the lower Reynolds numbers, 
This leads one to suspect laminar separation as one of the main causes of 


this effect. There is no clear explanation as to why the effect is accented 


at X20, 
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The foils display rather marked departures from wind tunnel data, 
particularly at the lower Reynolds numbers. The wind tunnel experiments 
show two trends resulting from Reynolds numbers variations, First, the 
slope of the lift curve decreases with decreasing Reynolds numbers, 

Second, the angle of zero lift becomes more negative with decreasing Reynolds 
numbers, Laminar separation has produced exactly the opposite effect in 

the case of the hydrofoils, The angle of zero lift has become less negative 
with decreasing Reynolds number while the average slope of the lift curve 

has increased, Figure 35 shows the change in angle of zero lift due to 
Reynolds number, 

At the higher Reynolds numbers the theoretical method gives the best 
correlation with experimental results. It must be remembered, however, 
that an experimental angle of zero lift as measured on the test foils was 
used in conjunction with the theory, As Reynolds number is lowered the 
foils depart farther from theory until at Re = .808 X Lee the small foil 
shows a lift coefficient of .035 at X = 0 , while theory predicts Cy = .178. 
Thus over the Reynolds number range tested the experimental results show 
that in general theoretical methods are not even a good approximation of 
hydrofoil performance, This seems logical since all theoretical methods 
Still retain the classical circulation theory as their basis. The authors 
feel that laminar separation in its essence dictates a change in certain 
assumptions which form the basis for the circulation theory. For example, 
if separation has already occured, it does not necessarily follow that the 
after stagnation point must remain at the trailing edge of the airfoil. 

The foil drag coefficients are plotted in Pigures 36 and 37, Wind 


tunnel data corrected to three dimensional flow is also shown, In Figure 36 
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wind tunnel data as measured at Re = 0.7 X 10© has been altered to also 
include the effects of tank boundary and wavemaking. To make these correc- 
tions foil velocities corresponding to foil Reynolds numbers of 2.0 X 10° 

and 1.5 X 10> were used. Both foils have drag coefficients which are con- 
sistently higher than the wind tunnel drag obtained at higher Reynolds 
numbers. Furthermore, the small foil drag coefficient is consistently higher 
than that of the large foil, and for a given Reynolds number this difference 
is almost constant for all lift coefficients, 

The wind tunnel data corrected to include tank boundary and surface 
wavemaking effects begins to approach the foil drag coefficients at the 
higher lift coefficients, Since the boundary effects are small, this might 
lead one to suspect surface wavemaking as the cause of increased hydrofoil 
drag. The wave drag is, of course, a@ function of Froude number. Since, 
when operating at equal Reynoids numbers, the foils have quite different 
Frcude numbers, wave drag could also be responsible for the differences in 
drag on the two foils. The theory, however, states that surface wavemaking 
is a function of circulation and therefore would not affect the drag at the 
angle of zero lift. Moreover, at the angle of zero lift, there is no in- 
duced drag. 

The foil drag coefficients at C,; = 0 are plotted in Pigure 28. Since 
there is still a large discrepancy in drag coefficients for the small foil 
as opposed to the large foil, we must conclude that surface wavemaking 
effects have not produced this anomaly. It is also interesting to note 
that the drag coefficient curves for both foils are initially flat and do 
not rise with decreasing Reynolds number parallel to either the Shoenherr 


or Blasius friction lines, Neither do they appear to be an extension of the 
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wind tunnel tests of the same section at higher Reynolds numbers, Figure 28 
also shows that laminar flow, contrary to popular opinion, does not always 
produce drag coefficients of less magnitude than turbulent flow even on 
extremely thin bodies, 

The curves of possibly the greatest interest are shown in Figures 38 
and 39, These figures portray most vividly the overall influence of laminar 
separation on airfoil performance, At the design lift coefficient (C, = .4) 
the L/D ratio varies from a maximum of 20 for the large foil at Re = 2.69 X 10° 
to 11 for the small foil at Rc= .808 X 10>. A glance at the Reynolds 
number range calculated for the model propeller used in the Series 60 
tests (page 2) indicates that experiments conducted at higher Reynolds 
numbers could not accurately predict the performance of the propeller 
behind the model, The test results also indicate that laminar separation 
could cause a marked reduction in the L/D ratio of a ship model rudder or 
control fin, Therefore, care must be exercised in expanding the results 


of maneuvering tests directly to the full size ship 
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Ve CONCLUSIONS 


1. Noither two dimensionel airfoil data taken at high Reynolds numbers nor 
current hydrofoil theory were adeauate to predict the hydrodynamic character- 
istics of the test hydrofoils in the range R, = 0.8 x 10? to Re = 207 x 10°. 
The morked veriations in lift, drag end angle of zero lift due to laminar 
seprration caused the predictions based on theory and airfoil data to be 
inaccurate. The lift coefficient versus angle of attack curve is normally a 
straight line in wind tunnel tests. In these tests, however, a hollow 
developed in the vicinity of O¢ = 0°, which became more pronounced es Reynolds 
number decrcared. For example, at (= 0°, the lift coefficient of the small 
foil varied from Cy] = 0.18 at R, = 1.89 x 107 to 0; = 0.04 et Rp = 0.8 x 10. 
Corresponding lift coefficient predictions by theory and from airfoil data 
were 0, = 0.18 and C1 = 0.232 respectively. Where lift predictions were 
menerclly higher then experimentel velues, the drag predictions were low. 

At the design lift coefficient, 0, = 0.4, the drag prediction based on airfoil 
deta was Cq = 0.015. Experimental drag varied from Cq = 0.076 et Re = 0.8 x 102 
down to Cg = 0.019 at Ry = 2.7 x 107. The prediction problem is further 
Gemeliceted by the variation in the angle of zero lift. In these tests the 
engle of zero lift veried from -2.48° at Ry = 2.7 x 107 to -0.6° at Ry = 

0.8 x10. In general, the investigations lead one to believe that certain 
essumptions which form the basis for the circulation theory are no longer 


valid in the leminar flow region. 


2. At o Reynolds mumber of 1.75 x 10? the smell foil had a drog coefficient 
oe O.0176 at GC, = 0, while the large foil h¢d a drer coeificient of GaGlaye 


et 0, =O. This veriation wes almost constant over ao Reynolds number rrnge 
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ot 0.9 x 10? ton. ox 10°. Since the lift coefficient is zero, there is 
theoretically no wave drag or induced dreg present. One must conclude, 
therefore, thet equal Reynolds numbers based on free stream velocity and 
chordal length of geometrically similar shapes do not dictate flow similarity. 
This adds another veriable to describe fluid flow in the laminar flow ronge. 
At present, there is no explanation of this apperent anomaly. The authors 
believe the first efforts of future research in this field should be directcd 


to'ard the solution of this problem. 


4. Experimental results for both strut end foils verify the fact that there 
is a mejor increesoe in profile drag due to leminer flow end subsequent laminer 
separotion. This is contrary to the common belief that laminar flow always 
produces ea reduction in drag. In the case of the strut at R, = 107, the drag 
coefficient was 7.5 times the value given for turbulent skin friction by the 
Schoenherr line. This indicetes thet extreme care must be teken in expanding 
the resistance values of appendages on ship models. Heretofore, appendage 
resistance has been a small percentage of the totsl, but with more recent 
additions such es stebilizing fins, anti-pitch fins, snd large soner domes 


in the cease of Neval vessels, this percentage is bound to increase. 


4, The L/D ratios of the hydrofoils ot design lift coefficient (0, = 0.4) 
varied from a maximum of 20 on the large foil at Re = 2.69 x 10° to 11 for 

the smell foil at R, = 0.805 x 10>. The wind tunnel dete indicates an L/D 
Petio of 26 at Re 10.7 x 10°, This Reynolds number range is representative 

of thet found from root to tip over e ship model propeller blade. It is eppar- 
ent, therefore, thet model propeller experiments conducted at hisher Reynolds 


numbers cannot eccurately predict the propeller performence in the laminar 
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fiow ranre. It is also apprrent thnt laminer seprration could cause a merked 
reduction in the L/D ratio of a ship model rudder or control fin. Therefore, 
cere must be exercized in expanding the results of manuevering tests directly 


to the full size ship. 
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APSENDIX I 
STRUT AND FOIL DIM=SNSIONS AND SAMPLE CALCUL‘TIONS 
Appendix I contains a drewing of the strut and foil assembly, the 
hydrofoil offsets and sample calculations which show examples of the various 
erithmetic processes used in the mein body of the report. They are arranged 
as follows: 
Ae ‘Strut and Foil Dimensions. 
1. Figure 1, a drewing of the strut end foil assembly. 
ee ure cleeo: O:isets for ech foil. 
Be Sample Calculctions. 
i Strut iste. 
ee Foil Tests. 
4. Calculations to Correct Experimentel Foil Dnta to Finel Plets. 
4, Theoretical Strut Weve Drag. 
pe) celculation ef Strut Frorile Droe, 
6. Theoretical Strut Profile Dr-g. 
¢- The Classical Method for Correction of Airfoil Data. 
&. The Modified Classical Method. 
9. Two Dimensional Boundary Correction Fector, Ko. 
10. Three Dimensional Boundsry Correction Factor, Kze 


ll. Theoreticn] Prediction of lift Coefficient. 
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Poo ee, 
OG/VAL STRUT \32 
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TRI" FAUL 


mee 5S USED: 


NACA 64-409 SECTION 
ASPECT RAT/O & 


SMALL FO/L: 3" CHORO 

/8° SPAN 

LARGE FO/L: 4S” CHORD 
30" SPAM 
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ae 


\ ‘ 


ee. 
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Ni~ 





DIFFERENT SPACER 
PIECES USED FOR 
LACH FO/L JTOHOLD 
/ em “ DIMEMS/ON. 








FIGURE / -APPENDIX I 
STRUT £€ FOIL ASSEMBLY 


SCALE: 3 =/" 21 MAY /958 
LE HICKS Wo. MAHONY 













Ordinates for NACA 64-409 Airfoil Section 
(From Reference 15) 


Chord = 3" Spans alow Foil tips rounded off 
UF'PER SURFACE LOWER SURFACE 
Station Ordinate Station Ordinate 
(in. ) Gaia) (in. ) (in.) 

0 0 ©) 

0115 0.02487 0.0187 ~0.01887 
0.0184 0.03063 0.0256 ~).02225 
0.0328 0.03993 0.0422 -~0.02709 
0.0696 0.05685 ©0005 -0 034153 
0.1441 0.08196 Ondooo —0.04404 
0.2189 0.10149 Dect -0.05061 
0.2939 Onli 0.3061 -0.05571 
0.4443 0.14388 e557 -~0.06312 
0.5949 0.16368 0.6051 ~0.06817 
0.7456 0.17871 0.7544 ~0.07131 
0.8965 0.18945 0.9035 ~0.07281 
1.0473 0.19614 1.0526 -0.07254 
1.1983 0.19896 1.2017 0.07044 
1. 2492 0.19562 1.3508 —0 .06522 
1.5000 0.19026 1.5000 -0.05790 
30) 0.18048 1.6493 0.04908 
1.8013 0.16782 1.7986 =O .03930 
1.9518 0515255 1.9482 0.02895 
Be1021 Oe lea l2 2.0979 0.01848 
2) Se) 0.11574 2.2478 9.00834 
Peoe 1 0.09462 203979 40 .00090 
P18 0.07239 2.5484 40.00837 
25 OMS 0.04932 2.6987 40.01272 
28506 0.02574 2.cho4 #0.01218 
3.0000 0 3.0000 O. 


Leading edge radius = 0.0173/ inches 


Slope of radius through leading edge = 0.00504 
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t 


Ordinsztes for NACA 64-40 


Chierds= 5" 


. SURFACE 


UE 


Station 
(in. ) 


Leading edge radius = 0.02895 inches 


Slope of radius through leading edge = 0.00840 


Ordinate 


tin. 


0) 

0.04145 
0.05105 
0.05655 
0.09475 
0.13660 
Grilcols 
0.19625 
0.25980 
0.27280 
0.29785 
0.351575 
0. 32690 
555160 
0.32770 
OR yale 
O.30080 
0.27970 
0.25425 
Cr22520 
0.19290 
0.15770 
0.12065 
0.0220 
0.04290 
fe) 





(From Reference 15) 


= 


Span = 305 


a3 


Airfoil Seetion 


Foil tips rounded off 


LOWER SURFACE 


Stetion 
Gia) 


O 
0.05115 
0.04435 
O2070cs 
0.14390 
0.25985 
0.38515 
0.51010 
0.75950 
1.0085 
12545 
1.5059 
1.7544: 
2.0029 
2.2514 
25000 
2.7438 
299 f7 
3.2470 
3.4965 
5.7464 
3.°965 
4.2470 
4 4978 
4.7489 
5.0000 


Ordinnte 


ban) 


0 

~0.03145 
~0.03705 
0.04515 
0.05795 
0.0730 
0.08435 
~0.09285 
~0.10520 
-0.11360 
~0.11885 
~0.12155 
—0.12090 
—0.11740 
-0.10870 
0.0950 
~0 .08180 
-0.06550 
~0 04825 
~0.03080 
—0.01390 
#0.00150 
40.01395 
#0.02120 
40.020350 
O 





SAMPLE CALCULATIONS 


1. Strut Tests 
o = 0° (Strut positioned to give a foil angle of attack of 0°) 


f = 13.65" (Immersed area corresponds to a foil depth of 13") 


Strut Drag 
Total Ds= Ds/V- 
Drag | 0.87 Total 
(1b) Gb) a 
0.297 0.259 | .016 








~ (00421 


* All Lift forces measured on the strut are negative 


2. Foil Tests 
Large Foil X= 0° f = 13" Tank Temp = 80° BP 
S = 150 in® 4pS = 1,006 ib-sec*/ft® cy" = L'/desv" 


Lift 


(ee a “ : | 
(sec) St oe Reading} Force | Wt. (1b) 
¢ (lb) | (1b) 


Drag C' = D'/sosv? 









v- |Scale 
Reading; Force 


Run Pan | Total D'/Vve Cae 
Wt. | Drag | 0.87 Total/Vv“ 
(1b) | (1b) 


4.04 116.4 | 1.7 6315 2 .0273 .0272 


— ceo a a — 
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3, Calculations to correct Experimental Foil Data for final plots 





Large Foil X= 0° 


—— ee 


Speed (ft/sec) 4 





ei 194 
“1,/V2 00418 

2PS 1.006 

ie .00416 

L (1b) 

ce." 

D./V° 

Cas 

Ca 

D (1b) 

AK” +.200 

x, +,175 


fe=e ise Tank Temp. = 80°F 


From faired plot of Experimental Data 
Figure 8 


20S = 3 X 1.9336 X 150/144 = 1.006 


Le/V° X 1/4 S 

Cieme lo de 

L= Cy3sv" 

From faired plot of Experimental Data 
Figure 7 

Cie De/vexX 2 S 

Cy = Cy’ = Cys 

D = Cy3esv 

Figure 1 


Figure 1 


L_= AX, ze “A a > 


From Test Data 


K +.175 Rae Ae 


R 1.79X10> 


— a tet | 


Re = voy = 


L/D vs C, Plots can be obtained very simply from the Plot of 


Cy vs Cy. L/D = Cy/C, 
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4. 


Theoretical Strut Wavemaking Drag 


Wavemaking drag was computed for the strut at «= 0°, and f = 13,65" 
which gives an immersed area corresponding to a foil depth of 13". For 
the above conditions the projected strut area, S., is 22 sq. in. 


b 


oc] in 
1 = .78 in 


Basic Strut Equation: 


ness Sie a4 oe DP 3 a Ss eae ¥; 16/7 ee via 
Li. HL J Cra BREA me, Boe ye + Fz ~ 


V (ft/sec) 


p 


p X 10°/144 


=p°X 10°/5760 


(1) ~(2) 

log 2/yp 
(4)X (1)-(2) 
7p X 10°/576 
(5) + (6) 
161n°/2073600 
(7) - (8) 
eye 


(9) X (10) = 


3 
Deux 40 
gP b?1 
{ 





46 


§ 





e—— — Qe! 


4, (cont, ) 


D.= 1280 X 32.2 X 1.9336 X (,201)°X .78 


SW 
10° X 1728 
= 001451 ibs 
Cpe Dge/t PSV =) 004s rana4 
3 -X 1.9336 X 22 X 16 
= 000614 
R, = 2V1/_ = 4X 1.56 = .559 X 10> 


12 X .92969 X 10 7 


5. Calculation of Strut Profile Drag 


NV Afi t/sec) 4 
D,/V* .01610 Figure 7 
- 1088 Cas = Ds/3pS; V- ( In this case $= 22") 
«00145 
2000614 
~ 1082 Cs = Cas - Cis x 


.559 X 10> 





6. Theoretica) Strut Profile Drag 
Cap = 2Ce + (t/c)?- 0003 
Where: Cr = Blasius Friction coefficient for laminar flow 


Ce 


tms287 Re 


Note that aCe is used since ail calculations are based on 


projected strut area. 


(t/c)* = (,402/1.56)" = (.258)2 = 0665 
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7- The Classical Method for Correction of Airfoil Dota for Aspect Ratio. 


A sample solution of equotions (4) end (5): 
(4) oy seg + 21 (14 8) 
(5) Os &+ 1 (147) 
A 


Per both foilg- A = 6, = 0.0'%5, end = 0.165. 


= 9.0 x 10° 





eat [ear esas boaters ea teaat eae tet 


8. The Modified Clessicel Method. 





A semple solution of Equation (6): 
6) Cy, = eg + 1° (i+8) ae tf) 4 
(6) a d I I WTA + ‘7 


For large foil ot V = 4.45'/sce, ¢) = 0.68. 


c enyr: an) ep l 
It was necessory to solve first for the 7 ali ¥ 






Note thet f' is foil depth in feet. 


Then the solution for Qg: 
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9. The Two Dimensional Boundary Correction Foctor, Ko. 


Semple solution for eruetion (9): 


yx, Sy Be , Le (it/e)- - Gr/ey" . snp) (ate) 
(9 27 45,1 ~ 1+ 2(4h/c)e + (Af/c )e(4h/c 
For the large foil: f = 13", ¢ = 5", h = 479 


f/o = 2.6, (4f/c)? 
h/e = 9.4, (4h/c)* 


4x(2.6) 2 = (10.4)° = 108.16 


4x(9.4) © = (37.6)% = 1413.76 


ot 
Nh 
} 





K - l 4 S20 - Os 2 
e ” 55,040.60 x22 


10. Three Dimensional Boundery Correction Fretor, Kz, 





Semrie solutions for ecustions (10), (11), (12), (13) end (14) 


meas vals - 
(11) Wa Ce ORT Is(ha7eye wa?” [r/o )2ea"] TT I 


For the large foil: A = 6, (4f/c)@ = 108.16 
w mph: + Lf a 
a“ We } (109.16)7/145.16 144.16 Y145.16 


} 
ce ; ( 9632) 


_ 7. ewe )+A - 
(12) Mp = sree Y]ie(auJe)o#2(OuJeyheh® [Le (Bu/e 2-2 One hah 


- 1 
San 2 eee Po. J ee hee a) ee 
*  [(2u/e) +a] Eee (2w/c] —3 ~  [(2u =i] > ~/14((2w/e] = 
For the large foil: 2w/e = 48, (2u/ce)& = 2304 
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O's (Cont. ) 


Combing the effects of both sides: 
as Sh ae ee 
Fre )4/37 + 2308 +576 = 37 + 2304 - 576 
(1 4. SS ee = a 
(54) * + 2916 (42)| 7 TA + 1724 


Qwp, = Ss (-0.0054104 ) 
ee a ——— 
Te \[1#(th/e )2] f1+(4h/e )o4k (4h/e)24n2|| 7 Y1+(4h/c)24a2 


Senoik Gain76) users * a eae J 
za (176 e507 6 (1449.76) vets || 


“2 aa (0.00410) 


TT 
‘i. 7 2 n 
BETTS lea + | 


For the lerge foil: 


wy, = nie er r 2 | = ae [6.083 Se) = cae (8.083) 


Then the three dimensional boundery correction factor for the large foil is: 





ont 
}— 
\N 
ad 
wt 
Ke 
Q 
i 


) 
aq 
{ 





(144) wy 





(10) Ks -—S—O “ay a 1 + Va + OW - We 
X= 1 


(0.049632 - 0.004410 = 0.005404) 


= 
To 

1 tT (8.083) 
OAS 


ne gee 7 
Since 2S/e -~ As 6; Kz o~ 3 0.0 818 ~ 1.02956 J 0.971 
ee =e a 
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11. Theoretical Prediction of [ift Coefficient. 


Som-le solution of eaustion (7): 


OG 
(7) Cy eer ae k= (1 = 4/10) sin2,cosX, 


For the large foil: (Using theoretical angle of zero Lifts.) 





2) 
ad) 


3 | © |O| © 1 | © 
OC . { 
(R ( 
K7)+(9) +1 
0.0698]0.0638 10.1336 ]0.99210.9717] 6 16.283 11.984] 8.984 


= 5 owe, A ae RR 2 ee: Pe LATE SET OSS, STIS 


oe 


8 iKoks %a 
eee, + “eo. SinX!sin°%,} Coeca.,| AY10 | (1-1/10) | K ; aaa 


BYEYOWTYE) + 00 78/3 (6)- 3): 
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Appendix II 
MODIFIOATIONS TO THE BALANCE 

The cuthors ore indebted to Lt. D. L. Soracco for his foresight end 
ingenuity in designing the Two Force Towing Belance used to conduct the 
tests which ere the subject of this thesis. We can nlso appreciate the 
long hours of tedious work that he spent constructing, assembling and 
aligning the belence. Where we had four hends, he had two, which head to 
vork very herd to bring the balance to the high state of development thet 
we inherited. (See reference 15 for the description of the balance as 
completed by Lt. Soracco.) Since Lt. Soracco wes unable to sive his balence 
a thoroush test, certain modifications and adjustments had to be accom 
plished before actual testing of hydrofoils could proceed. These modi- 
fications sre the subject of this Appendix. 
1. Installetion of Stops and Clamps for Both Lift ond Dreg Sections. 

Preliminary tank tests showed that the arcs of travel of both lift 
and drag sections were lerger than was necessary for full scale pointer 
deflections. This excess travel allowed undesirable oscillations to 
build up et the beginning end end of each run. The oscillations were pear- 
ticularly objectionable in the drag section. In order to limit the arc 
of travel of the drag section, upper and lower stops were installed. The 
motion of the lift section was limited by the installation of an upper 
lift stop, the lower lift stop having been installed previously by Lt. 
Soracco. (Ref. 15) 

The dreg section was clemped et the mid-scale position by means of a 
long, knurl-headed screw that cen be easily inserted or removed by hand. 


fo clomp wes made for the lift section, which positions the lift section at 
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mid-senale. This clamp securely holds the lower lift arm to the lower lift 
stop. An aluminum spacer block is inserted between the lift stop and lift 
section arm to properly position the lift force measuring mechanism. The 
lower lift stop was stiffened by the addition of a flange to prevent de- 
flections ceused by large lift forces. After the flange addition, it was 
necessery to move the stop aft in order to keep it clear of the spray from 


the strut. 


2. Lift Section Calibration Knife Edge 


A kmife edge was installed on the upper arm of the lift section on 
which calibration weights could be hung. (See figure 5 of Appendix III 


demonstrating the lift section calibration.) 


3- Lift and Drag Scales 
Lift and drag scales were inked on glass drafting cloth end glued to 


plexiglass backings. These scales were then varnished, which increased 
their resistance to moisture and dirt. It is recommended that these scales 
be replaced by aluminum scales on which the markings have been inscribed 
and painted with a legible color. These scales should rend from "0" at 

the lower extreme of pointer deflection to a large number oat the upper 
extreme. The present presentation is confusing since the scales read both 
up end down from the "0" reading at mid-scale. The drag scale divisions 
should be sprenod to a larger interval if these scales ore redesigned. 


Scale reading would be easier also, if both pointers were painted black. 


- Redesign of the Dreg Counterbalance Arm 


Lt. Soracco designed and installed an arm to support a counterbalance 


weight. The purpose of this attechment is to raise the center of gravity 
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of the balance to a point near the main fulcrum. The center of gravity 

was raised to improve the sensitivity of the balance. The arm as origi-g 
nally installed was canted forward, which not only moved the center of 
gravity vertically upward, but nlso horizontally forward. It was determined 
thet the vertical movement of the center of gravity was all that could be 
controlled satisfactorily, so the counterbalance arm was renositioned to 

a vertical attitude. 

During preliminery tank tests, the authors discovered aggravating 
shifts in the balance calibration between successive runs. These cali- 
bration shifts were caused by undesirable movement of balance components 
relative to cach other. Joints between structural members of the balance 
were not as rigid as they should have been. Conseauently, shifts of 
weights within the balance mechanism caused the calibration to be erratic. 
A portion of this erratic calibration was caused by the lack of rigidity of 
the counterbalance arm and of its attachment to the balance. The rede- 
sign of the arm embodied fixing the proper amount of counterbalance 
weight permenently to the tip of the arm and developing so more rigid method 


of attachment of the arm to the balance. 


5 Installation of a Stiffening Bracket to Improve the Rigidity of the 
Drag Section. 


The alterations to the counterbalance arm reduced, but did not climi- 
nate, the calibration shifts. These puzzling jumps of the calibration 


; curve persisted until the stiffening bracket pictured here was installed. 





T #£ixed Mountinx Schematic of 


Sieg frome a \{ “Drag Force 


any = aa Measuring 
ening pa rte 
Baie t ~ Mechanism 
a Illustrating 
SE Stiffening Brocket 
tom Mat, Installation, 
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The drag cross arm was rotating relative to arm "A". (Ref. 15, 
page 20.) The rotation was caused by the high accelerations or deceler- 
ations at either the beginning or end of the runs. The bracket stiffen- 
ed the joint enough to absorb these dynamic forces without rotation. 
Since the rigidity of this joint is a necessary condition for consistent 
calibration, religious attention should be given to maintaining the 
tightness of the screws which fix the bracket to the balance. 

6. Securing the Lift Pointer to its Actuator Arme 

The lift pointer as originally designed was rotated by the force 
transmitted to it through a set screw on a small shaft. Since this joint 
was not sufficiently rigid, rotation of the pointer occured relative to 
its lever actuator. The pointer was firmly attached to this actuator 
arm by two small screws tapped into a flange type coupling. Since this 
same difficulty has been experienced occasionally with the drag pointer, 


it is recommended that it be altered similarly. 


7e Strut Bracket Alteration to Permit Addition of Weights at High Angles 
of Attac Me 


It was found that the bracket, by which the angle of attack is ad- 
justed, interfered with the addition of pan-weights to the lift section. 
Therefore, this bracket was cut to a shape that permitted the use of ten 


pounds on the positive lift peg. 


8. Extension of the Lift Counterbalance Arm to Reduce Reauired Countere 


balance Weight. 
The foil-strut assembly has to be counterbalanced in the lift section 


to eliminate the weight of the assembly from the lift force measurement. 
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To facilitate this, while at the same time limiting the weight recuired, 
the upper lift arm was extended to lengthen the lever arm of the counter- 
balance weight. This extension reduced the amount of counterbalance weight 


recuired to balance the weight of the foil-strut assembly. 


De Provision of an Accurate Means to Measure the Angle of Attack. 
During the preliminary testing, the accuracy of the angle of attack 


setting wes dubious. Since the scribe marks on the engle of attack bracket 
were rough settings 2t best, some positive, accurete means to measure angle 
of ettack hed to be developed. The first attempt was a template to fit 

over the foil profiles. <A pair of hook gauges were attached to the template, 
which were used to measure the level of the water surface. The angle of 
ettack of the foils was calculated from the hook gauge measurements of the 
position of the water surface relative to the foils. It was impossible, 
hovever, to measure the strut angle of attack with this device, unless one 
of the foils were attached. Neither was the device considered sufficiently 
reliable to give the desired accuracy of +0.1°. 

The NACA deserves the acknowledgement for suggesting the use of a 
gunner's ouedrant to measure the angle of attack. The standard method 
used in the NACA tanks is to meagure the strut incidence with a gunner's 
ouedrant or similar device, end convert this reading to an angle of attack 
for the hydrofoil. Strut incidence is a function of the foil angle of 
attack, since the strut and foil intersect ot a fixed angle. The angle 
of intersection between the chord lines of the test hydrofoils and the 
leading edge of the strut was measured with great care and found to be 
73°-50'. (£0.19). With this velue mow, it is quite convenient to con- 
vert the strut incidence angle to foil angle of attack. 
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While an accurate, rigid adjustment of angle of attack can be made 
with the present arrangement, the euthors have experienced difficulty in 
making this adjustment. Therefore, an alteration to this mechanism would 
be highly desirablee A mechanism similar to that used to adjust the angle 
of on ordinary marine sextant could be adapted to the balance. This modi-~ 


fication would save a great deal of the set-up time now required. 


10. Installation of a Negative Lift Force Balance Weight Pog. 
The installation of the negative lift force balance weight peg en- 


abled the authors to balance the negative lift forces that were developed 
by the foils at negative angles of attack. Since this peg exhibits no 
parallel motion, its use was limited to small weights and to pointer de- 


flections neer mid-scale. 


With the completion of the above modifications, the balance was used 
to obtain reliable results with the accurecy limits tabulated in Appendix 
III. The balance, as modified to the date of this writing, is shown in 


the following figures: 


Figure 1 
Balance with large 


foil attached as 
viewed from right - 


front. 
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Figure 2 
Balance with large 
foil attached as 
viewed from right 


side. 





Figure 5 


Balance with large 
foil attached as 
viewed from left 


side. 








Now that confidence can be placed in the balence, previously non- 
essential alterations become highly desirable. These recommended altera- 


tions are explained in the text above and are here summerized. 


Summary of Recommended Alterations 
le Increase scale legibility by 


ae Redesign and replace both lift and drag scalese The 
new scales should read from "0" at the lower extreme of pointer 
deflection, and the new drag scale should display a larger sccle 
interval. 
be. Paint both pointer tins black. 
2. Modify the angle of attack adjustment mechanism to include a vernier 
type movement. 
3. Secure the dreg pointer more firmly to its actuator arm. 
4, Insure that the drag section stiffening bracket is performing its in- 
tended purpose, which is to rigidly fix the intersection of the two arms 
to which it is attached. Additional testing may show that the bracket 
should be enlarged, or thet larger screws should be used to secure it to 


the arms of the drag section. 
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APPENDIX III 

Stated simply, the problem facing the designer of the balance was to 
produce an instrument which could accurately measure small forces on a 
hydrofoil. This problem has heretofore precluded experiments of this type 
in all experimental model basins. Most tanks employ a strain gauge type 
balance for measuring hydrofoil forces, The advantages of this type of 
balance are obvious, however, its major disadvantage is relative inaccuracy. 
To insure good relative accuracy the forces measured must be large. This 
in turn dictates large foils and high speeds. Both of these factors pro- 
duce high Reynolds numbers. 

The balance as designed is sound, however, it must be emphasized that 
the adherence of the operator fo a careful and rather detailed test pro- 
cedure is mandatory. Due to the configuration, certain unavoidable errors 
in data will arise unless careful compensations are made. Although these 
compensations may seem trivial, the operator must bear in mind that errors 
of the order of magnitude of .005 pounds can produce scatter in the data 
at low speeds, 

It is with future operators of the balance in mind that the authors 
have set forth here a detailed test procedure which the experience of over 


a thousand test runs indicates should produce the most reliable results. 
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TEST PROCEDURE 


A, Preliminary Details 


1. 


Bearings should be oiled and adjusted. Light machine oil in the 
tank equipment cabinet is adequate for this purpose, See Ref. 15 
for a detailed description of the bearings and alignment procedures,. 
This operation need not be performed before each testing period, 
however, periodic checks should be made, 

All screw fastenings should be checked for tightness, Care must be 
exercised in tightening machine screws particularly where they are 
set in tanred holes in aluminum parts. Excessive force can strip 
the threads. 

Make sure the bracket on the drag section T~arm is tight. Any play 
at this joint can produce erroneous readings. For a more detailed 
explanation of the reasons for these errors see Appenddx II. It 

is also important to check this bracket frequently. Any errors in 


drag readings can generally be traced to this point. 


“Check the locking pins in the lift section bearings. These lock the 


upper arms to the shaft. They can work loose after many runs, 


B, Assembly and Rigging of the Balance 


i. 


Ze 


Remove the counterbalance arm and loosen the top screws on the drag 
section spring holder so that the arm can be rotated to a horizontal 
position, Figure 1 shows the correct condition of the balance for 
placing it on the carriage, 

Remove the lower rear wheel on the carriage to permit projections on 
the balance to pass this point. This wheel need not be replaced during 
testing, but must be replaced when tests have been completed. Figure 1 
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Figure 1 


Placing balance on carriage 
again shows this detail. 
Slide the balance onto the carriage and secure the four locking screws, 
fhe fore and aft position of the balance is not critical provided 
the drag spring holder and counterbalance arm are clear. Figure 2 
shows a good position, After the foil has been installed the balance 
can be rotated slightly to adjust the position of the foil so that 
its leading edge is normal to the towing line, 
Secure the drag spring holder and counterbalance arms. Make sure 
the counterbalance arm is not canted either inboard or outboard, In 
the first case it will strike the timing switches on the tank and in 
the second case it may bind on the drag spring holder, It is essential 
that the counterbalance is rigidly attached, since any slight shift 
in the weight will produce errors in the drag readings. See Appendex II 
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Figure 2 


Drag calibration 
for further details on this component. 

5. Assemble the strut and hydrofoil. A detailed description of this 
assembly can be found in Ref. 15. Note that the spacers apply to one 
foil only. Again care should be exercised in tightening screws to 
avoid stripping the tapped threads in the strut. Before each testing 
period the strut and foil should be polished with some type of metal 
polish. The authors used "Doxon" aluminum polish. This will keep 
the surface condition as uniform as possible for all tests. 

6. Install the strut and hydrofoil assembly. See Ref, 15 for details. 

C, Calibration 

1. Set the approximate angle of attack of the foil, The authors found 
that the most accurate method of accomplishing this calibration is 
with a standard Navy Gunner's Quadrant. The angle of attack of the 
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foil is actually measured by finding the strut angle, Sketch below 


indicates the method, 
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Figure 3 also shows the setting of angle of attack, Easiest method 


is with one man adjusting the foil angle and the other holding the 


Gunner's Quadrant, After the angle of attack has been set 





Figure 3 


Setting angle of attack 
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approximately, set the depth of foil, Figure 4 clearly shows this 





Pigure 4 


Setting depth 
detail, Depth of foil is measured perpendicularly from the water 
surface to the midpoint of the intersection of the strut and the foil. 
After the depth has been set, make a final adjustment of the angle of 
attack, These operations must be performed before calibrating the 
lift and drag sections, 

2. Install the springs on the lift and drag sections, For details, see 
Ref, 15. The size of spring depends on the size of the force to be 
measured and the accuracy desired. Although the lighter springs give 
better sensitivity they are more subject to the internal friction of 
the balance, The heavy springs were used almost exclusively on the 
lift section and often on the drag section. The light spring was 


used in the drag sections for measuring strut drag and drag on the 
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small foil at low angles of attack, The springs can be adjusted in 
tension by the use of adapters provided, 
4. The drag section is clamped while calibrating the lift section. 
Ad just the lift counterbalance weight and the spring tension so that 
full scale readings can be made, however, in the unloaded condition 
the lift section should not touch the upper stop, Calibrating weights 


are placed on the knife edge as indicated in Figure 5. The position 





Figure 5 


Lift calibration 
of the pan weights when testing is described in Ref. 15, Prior to 
actual calibration always make sure the pointer is zeroed and tightened. 
When measuring negative lift the spring tension and counterbalance 
weight are adjusted for full scale readings in the opposite direction, 
Calibrating weights are placed in the lift pan, and pan weights are 


placed on the pan provided at the opposite end of the lift arm, 
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The brass dowel for holding these weights can be seen in Figure 5 

just below the calibration weights, It is not advisable to attempt 

to measure large negative lift forces, since the parallel motion 
feature of the balance is lost during this operation, Also the spring 
assists rather than balances a negative force, 

The lift section is clamped when calibrating the drag section, Here 
again spring tension should be adjusted to give full scale readings, 
but at the same time it must not pull the T-arm against the upper stops, 
Calibrating weights are placed as indicated by the pointer in Figure 2, 
The pointer should be again zeroed and tightened, Probably the most 
important feature in the operation of the drag section is the effect 
of lift on drag readings. A lift force either positive or negative 
will Be eee a change in the drag reading. This can be readily 
demonstrated by placing a weight in the lift pan while the drag 
section is swinging free. During testing a positive lift force can 

be accurately balanced by a weight placed in the pan. For this reason 
lift data on the foil must be known before testing for drag, If the 
lift force is negative it cannot be balanced, and therefore must be 
corrected by calibration. To Ae this calibrate first with no lift 
force, Then insert a pan weight of the same magnitude as the maximum 
negative lift force to be expected and recalibrate. This procedure 
will give two calibration curves, describing the extreme conditions, 
During testing drag values can be interpolated from these curves for 
intermediate lift forces, This method can only be used for relatively 


small forces since the calibration curves will diverge too widely 


for large negative lift forces. 
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6, It is im-ortant to note that new calibration curves for both lift 
and drag must be drawn for each setting of angle of attack. Since 
the strut is raked forward, a change in angle of attack will produce 
a change in depth. When depth is reset to the correct value, a 
larger or smaller portion of the strut will be exposed, depending 
on the direction of change. This in turn will produce a shift in 
calibration curves due to a buoyancy change. When calibrating 
either the lift or drag section tap the balance or carriage lightly 
and oscillate the pointers, This tends to minimize frictional effects. 
The accuracies to be expected when testing are tabulated in Table 1 
at the end of the Appendix, 

D, Test Procedure 
( This procedure is intended only as a supplement to standard pro- 
cedures outlined for the Webb Towing Tank.) 

1. when testing at high speeds a roint will be reached when the spray 
roach from the strut begins to strike the strut plate. when this 
occurs data is no longer accurate, 

2. Due to the light construction of the balance the authors feel lift 
forces should be limited to ten pounds, 

3, Since lift data must be known before testing for drag, the authors 
found the best testing sequence was to test for lift first at a given 
angle of attack and then immediately test for drag at the same angle 
of attack. As previously mentioned each change in angle of attack 
requires recalibration. It is felt that this sequence reduces 
Calibration time to a minimum, 


4, Appendix I, samnle calculations, shows method used by authors in 
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in recording rough data and reducing it to final form. There is 

one important point to be noted with regard to drag forces. A close 
look at the balance will reveal that the actual drag force is acting 
on a longer moment arm than the pan weights. For this reason pan 


weight forces must be multiplied by 0.87 to get actual drag forces. 


Table l 


Accuracy of Lift and Drag Force Measurements 


Porce Component Type Spring Accuracy 
Strut Drag Light + .004# 
Lift Medium t ,0054 
Small Foil Drag Light + ,0055# 
Drag Medium + .0104 
Litt Medium t 00554 
Large Foil Drag Medium 2 0138 
Lift Medium t 0067 





The above table was obtained by averaging the slopes of all calibration 
curves used during testing. These slopes were in turn multiplied by a factor 
which included rossible reading errors plus estimated frictional errors. 
It is felt that the accuracies err on the safe side and can be used as a 


guide for future experimentation, The springs described as light and 
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medium are sketched below, 
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Other Accuracy Factors 
Angle of attack = 0.10 degrees 


Depth of foil = 0.10 inches 
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